Hypoxia is important in both biomedical and environmental contexts and necessitates rapid adaptive changes in metabolic organization. Mammals, as air breathers, have a limited capacity to withstand sustained exposure to hypoxia. By contrast, some aquatic animals, such as certain fishes, are routinely exposed and resistant to severe environmental hypoxia. Understanding the changes in gene expression in fishes exposed to hypoxic stress could reveal novel mechanisms of tolerance that may shed new light on hypoxia and ischemia in higher vertebrates. Using cDNA microarrays, we have studied gene expression in a hypoxia-tolerant burrow-dwelling goby fish, Gillichthys mirabilis. We show that a coherent picture of a complex transcriptional response can be generated for a nonmodel organism for which sequence data were unavailable. We demonstrate that: (i) although certain shifts in gene expression mirror changes in mammals, novel genes are differentially expressed in fish; and (ii) tissue-specific patterns of expression reflect the different metabolic roles of tissues during hypoxia. L imitation in availability of oxygen (hypoxia) is a stress important in both biomedical and environmental contexts (1). In humans and other air-breathing vertebrates, hypoxia leads to rapid adaptive changes in metabolic organization, for instance in activation of anaerobic ATP-generating pathways like glycolysis. In mammals, a central role for a specific transcription factor, the hypoxia-inducible factor (HIF)-1␣ has been demonstrated. HIF-1␣ mediates the expression of a series of genes involved in both cellular and systemic responses to hypoxia, leading to enhanced anaerobic metabolism and induced erythropoiesis and angiogenesis (2).
Hypoxia is important in both biomedical and environmental contexts and necessitates rapid adaptive changes in metabolic organization. Mammals, as air breathers, have a limited capacity to withstand sustained exposure to hypoxia. By contrast, some aquatic animals, such as certain fishes, are routinely exposed and resistant to severe environmental hypoxia. Understanding the changes in gene expression in fishes exposed to hypoxic stress could reveal novel mechanisms of tolerance that may shed new light on hypoxia and ischemia in higher vertebrates. Using cDNA microarrays, we have studied gene expression in a hypoxia-tolerant burrow-dwelling goby fish, Gillichthys mirabilis. We show that a coherent picture of a complex transcriptional response can be generated for a nonmodel organism for which sequence data were unavailable. We demonstrate that: (i) although certain shifts in gene expression mirror changes in mammals, novel genes are differentially expressed in fish; and (ii) tissue-specific patterns of expression reflect the different metabolic roles of tissues during hypoxia.
L imitation in availability of oxygen (hypoxia) is a stress important in both biomedical and environmental contexts (1) . In humans and other air-breathing vertebrates, hypoxia leads to rapid adaptive changes in metabolic organization, for instance in activation of anaerobic ATP-generating pathways like glycolysis. In mammals, a central role for a specific transcription factor, the hypoxia-inducible factor (HIF)-1␣ has been demonstrated. HIF-1␣ mediates the expression of a series of genes involved in both cellular and systemic responses to hypoxia, leading to enhanced anaerobic metabolism and induced erythropoiesis and angiogenesis (2) .
The patterns of differential gene expression associated with hypoxic stress in aquatic animals, for instance fishes, remain largely unknown. Understanding the tissue-specific and temporal changes in gene expression in fishes exposed to hypoxia could reveal new mechanisms of hypoxia tolerance and shed light on the evolution of this adaptive response in vertebrates. The long-jaw mudsucker Gillichthys mirabilis is a hypoxia-tolerant species that inhabits estuaries along the coastline of central and southern California, where it lives in burrows that characteristically have low levels of dissolved oxygen (3) . Here, we exploit DNA microarray technology to investigate the response of this euryoxic fish to prolonged (up to 6 d) hypoxia. The application of DNA microarrays allows the expression of hundreds to many thousands of genes to be monitored simultaneously, providing a broad and integrated picture of the way an organism responds to a changing environment (4) . To date, however, microarray analyses have been applied almost exclusively to model species for which gene sequence data are abundant. We show the utility of microarray approaches for the study of gene expression in a species for which, at the onset of our investigation, sequence data were unavailable. Our study thus provides a road map for exploiting DNA microarrays in studies of adaptation in nonmodel species and reveals the potential power of this experimental approach in comparative and evolutionary biology.
Materials and Methods
Animals and Hypoxia Exposures. Gillichthys mirabilis were collected near Santa Barbara, CA, by using baited minnow traps, and Gillichthys seta were captured by hand netting in the marine intertidal from San Felipe, Baja California. Fish were maintained in aerated aquaria with f lowing seawater at 15°C and fed trout pellets ad libitum. Their pCrit was estimated by sealing an individual fish into a 15°C water-jacketed respirometer and recording the animal's rate of oxygen consumption as the pO 2 declined over time. Hypoxic time-course experiments were conducted at 15°C, by bubbling nitrogen gas into an aquarium. The desired pO 2 was controlled by using an oxygen sensor (Point-Four Systems, Port Moody, BC, Canada) coupled to a solenoid valve that regulated the f low of N 2 . At the onset of the time course, the oxygen content of the tank was lowered from an aerated pO 2 of 100% (Ϸ8.0 mg per liter) down to 10% (0.8 mg per liter) over a 90-min period. At the 8-, 24-, 72-, and 144-h time points, fish were sampled, and total RNA was extracted from liver, brain, skeletal, and cardiac muscle by using published methods (5) . Poly(A) ϩ mRNA was isolated with oligo-dT cellulose (Ambion) from total RNA pooled from five individual fish. For cardiac and brain tissue, doublestranded cDNA containing a T7 RNA polymerase-binding site was prepared from 2 g of total RNA (6), and amplified RNA was transcribed in vitro (MAXIscript, Ambion).
For Northern analysis, pooled total RNA samples (10 g) were denatured, separated on 1.1% agarose gels, and transferred to Zetaprobe membranes (Bio-Rad). DNA probes were prepared by random-primer labeling (Strip-Eze, Ambion) of PCR products by using ␣-Full-Length cDNA Library Construction. We devised a cDNA capture method to construct full-length cDNA libraries enriched for hypoxia-induced genes. In this method, a hypoxia-enriched library of cDNA fragments generated by SSH is biotinylated and then hybridized to a full-length cDNA library, allowing the respective full-length cDNA cognates to be captured by hybridization and then cloned. Briefly, four SSH libraries, identified as containing a high proportion of differentially expressed genes, were chosen as templates for the preparation of biotinylated probes. Single-stranded biotinylated probes were prepared in a linear PCR reaction identical to that used as the secondary PCR amplification in the SSH procedure (8) , except that one of the nested primers was omitted, and the other contained a 5Ј biotin group. Typically, 30-35 cycles of PCR were used. As a target for the capture reaction, double-stranded cDNA was amplified by PCR by using the SMART III cDNA library construction kit (CLONTECH) with the same RNA sample that had served as the tester sample for the respective SSH reaction. Then 10 ng of biotin-labeled probe was mixed with 4 g of the double-stranded full-length cDNA in 10 l of a hybridization buffer (0.5 M NaCl͞50 mM Hepes, pH 8.3͞1 mM EDTA), denatured at 95°C for 2 min, and hybridized at 65°C for 18 h in a thermal cycler. The hybridizing cDNAs were captured on streptavidin-coated magnetic beads (PerSeptive BioSystems) and washed twice in 2 ml 0.1ϫ SSC͞0.1% SDS. A small aliquot of the washed beads was added to a PCR mixture, and the captured full-length cDNAs were amplified by long-distance PCR (Advantage cDNA polymerase, CLONTECH), cleaved with SfiI, size fractionated over sephacryl S-400 and directionally cloned into pTriplEx2 (CLONTECH). During the preparation of this manuscript, a similar method to our cDNA capture-cloning procedure was published (9) .
As an additional source of cloned cDNAs, we prepared a G. mirabilis normalized liver full-length cDNA library in pTriplEx2 by using an established protocol (method 4 of ref. 10). The source mRNA from which the normalized library was constructed was isolated from hypoxia-exposed fish.
Microarray Construction. The Gillichthys microarray was constructed by arraying PCR-amplified cDNA clones at high density on glass microscope slides. cDNA clones were randomly picked from the collection of cDNA plasmid libraries prepared as described above, and their cDNA inserts amplified by PCR. For the data presented here, a 5,376-element array was constructed; 2,688 (half) of the clones on the array were cDNA fragments generated by SSH, 560 clones were from the liver-normalized library, and the remaining 2,128 clones were selected from the full-length captured cDNA libraries. The array consisted of 3,840 clones from liver, 1,152 from skeletal muscle, and 384 from brain. The arrays were prepared by using standard methods (see www.microarrays.org). Briefly, the plasmid libraries, prepared as described, were transformed into Escherichia coli, and bacterial colonies were picked at random into 384-well microtiter plates and grown at 37°C overnight. cDNA inserts were amplified by PCR in 96-well format by using Ͻ1 l of bacterial culture in 50 l of a standard PCR reaction and vector-specific primers. The PCR products were recovered by ethanol precipitation, washed once with 70% ethanol and resuspended in 50 l 3ϫ SSC, 0.0025% Nonidet P-40. The PCR products were printed robotically onto lysine-coated glass slides by using established protocols (11).
Gene Expression Analysis. Fluorescently labeled first-strand cDNA probes were prepared by reverse transcription of 1 g poly(A) ϩ RNA (liver and muscle), or 4 g amplified RNA (heart and brain), prepared from control and hypoxia-treated fish in the presence of Cyanine 3 and 5 dUTP analogs (APBiotech, Uppsala, Sweden), respectively, and hybridized to microarrays by using established protocols (11) . As blocking agents, 5 g polydA and 10 g yeast tRNA (APBiotech) were included in the hybridization. After hybridization, the slides were washed and dried (11) , and Cy3 and Cy5 fluorescence was measured by using a confocal laser-scanning device (ScanArray 3000) and quantified with SCANALYZE software (12) . The images were visually inspected, and spots from low-quality areas of the array were flagged and excluded from further analyses. Spots were also excluded from analyses if both the combined fluorescent intensity for both channels was less than 1.4 times that of the local background, and the spot's pixel-by-pixel correlation coefficient was less than 0.4. The flagged Cy5͞Cy3 fluorescence ratios were log 2 transformed, and then a normalization factor was applied so that the median fluorescence ratio of the well-measured spots on each array was 0.
A hierarchical clustering algorithm (12) was applied to those genes that were unflagged on at least 75% of the arrays and whose log 2 ratio was at least Ϯ1.322 (equivalent to 2.5-fold differential expression) on at least 2 arrays. The average linkage clustered data were visualized by using TREEVIEW (12) . For the differentially expressed clones, a complete sequence or a 5Ј sequence tag was generated for the SSH fragments or full-length cDNA clones, respectively (GenBank accession nos. AF266165-266244, AW777099-777149, and AF268077). Clone redundancy was determined by sequence alignment by using SEQUENCHER software (Gene Codes, Ann Arbor, MI). A putative identification was given to those clones that yielded homologies with e-values Յ10 Ϫ6 from BLASTX searches. The sequences of 119 other cDNAs whose expression did not change significantly were determined (EST accession nos. AW783808-783927) and confirmed that a diverse set of genes was present on the array.
Results and Discussion
For the purposes of our study, it was first necessary to define the environmental pO 2 that would induce a hypoxic response in Gillichthys. Thus, we determined the critical oxygen tension (pCrit), defined as the oxygen tension (pO 2 ) below which respiration rate falls as pO 2 decreases. Below pCrit, O 2 uptake may fail to meet metabolic demands, and adaptations to hypoxia must be induced. The pCrit for G. mirabilis and the congeneric species G. seta was Ϸ1.2 mg per liter O 2 at 15°C. We chose 0.8 mg per liter O 2 (Ϸ10% of ambient pO 2 ), a level of hypoxic stress well tolerated by Gillichthys, as the experimental hypoxic pO 2 .
For model species, the abundance of DNA sequence data has allowed the construction of microarrays that are tailored to suit a particular biological question (13) . On the other hand, sequences for nonmodel organisms are poorly represented in the public database, and the cDNAs to be arrayed must be independently curated and then identified. We constructed a 5,376-element G. mirabilis microarray by using cDNA clones that were randomly picked from a collection of subtracted and normalized cDNA libraries that had been enriched for hypoxia-regulated genes. Our preliminary pilot microarrays were constructed with short cDNA fragments generated by suppression subtractive hybridization; however, these clones proved difficult to identify by sequence homology analysis. Thus, we printed a second array supplemented with full-length clones that were isolated by using a variation of cDNA capture. We discovered that many of the unidentifiable cDNA fragments from the preliminary arrays could be identified by homology when their full-length homologues, discovered to be present on the second array, were sequenced. For nonmodel organisms, the application of fulllength cDNA microarrays may be advantageous, because the presence of conserved protein-coding regions aids gene identification and may permit the array to be used in hybridization analyses that cross species boundaries.
We then analyzed gene expression patterns in liver, brain, skeletal, and cardiac muscle tissues during a 6-d hypoxia time-
labeled reference sample (represented as green) to which each Cy5-labeled sample (represented as red) from the later time points was compared. To control for interindividual variation, pooled RNA from five fishes was assessed at each time point. We also used a selection criterion such that only those genes that were well detected on at least 75% of the arrays were selected for further analysis. For liver, 2,196 cDNA spots passed this criterion, and for muscle-type tissues, 1,291 spots passed. Those cDNAs that were 2.5-fold or greater differentially expressed on any 2 arrays in either the liver or muscle-type tissue expression dataset were then sequenced.
To interpret and organize the data, differentially expressed cDNAs were sequenced and grouped according to their temporal expression pattern by using a hierarchical clustering algorithm (12) . Fig. 1 reveals that the expression levels of many genes changed progressively over the time course of hypoxia, and discrete tissue-specific patterns were evident. A total of 126 distinct hypoxia-regulated cDNAs were found, of which 36 were differentially expressed in both liver and muscle, 56 were liver specific, and 34 were muscle specific. By sequence analysis, 75 of the cDNAs could be identified by homology, and the remaining 51 were designated as novel expressed sequence tags (ESTs). We recognize that some of the 51 unidentified ESTs may represent untranslated regions of some of the already identified known genes or may represent multiple distinct fragments of unknown genes. Only four genes were differentially expressed in brain (data not presented). Generally, redundant cDNAs shared similar expression patterns and clustered together. The differential expression of a representative subset of genes was confirmed by Northern analysis (Fig. 2h) . As a further confirmation of the repeatability of the results, we generated a liver expression profile for the congeneric species G. seta over an identical hypoxia time course (Fig. 1) . This profile was in broad agreement with the data for G. mirabilis.
One measure of the reliability of our procedure was that we detected the differential expression of a number of genes known to be regulated by hypoxia in mammals, such as those associated with glycolysis (Fig. 2a) , the chief anaerobic ATP-generating pathway (14) . The mRNA levels for the glycolytic enzymes lactate dehydrogenase A, enolase (ENO), and triosephosphate isomerase were elevated in liver and increased with time of hypoxia exposure. In muscle tissue, in contrast to liver, mRNA levels of ENO and glyceraldehyde-3-phosphate dehydrogenase decreased, especially in heart. A possible explanation for this is that muscle-type tissues have an already high glycolytic capacity that may be more than adequate to match the reduced metabolic demands of hypoxia.
Many of the differentially expressed genes shared roles in a common physiological process (Fig. 2 ). For example, three genes involved in successive steps of iron͞heme catabolism were regulated in the liver in response to hypoxia (Fig. 2d ) . Hemopexin, a serum protein that binds and transports heme to the liver for breakdown, heme oxygenase-1, which cleaves the heme ring to yield iron, and ferritin, an intracellular molecule that stores iron in a soluble nontoxic form, were all induced. Conversely, transferrin, an iron transport protein, was downregulated in liver, despite being a known hypoxia-inducible gene in mammals (15) . Intracellular iron can stimulate cell growth and proliferation (16) , thus declining transferrin mRNA levels may be linked to the suppression of growth during hypoxia (see below). Changes in the metabolism and sequestration of iron could be linked to hypoxia-induced erythropoiesis (2) and increased demand for iron for hemoglobin synthesis.
In liver, the expression of several genes encoding enzymes of amino acid catabolism increased during hypoxia (Fig. 2f) . For example, S-adenosylmethionine synthase and cystathione synthase, which catalyze steps in methionine degradation, were up-regulated. Several aminotransferases were also induced. Consistent with the induction of aminotransferases was the coexpression of glutamine synthetase, which catalyzes the major liver ammonia detoxification reaction through the synthesis of glutamine from glutamate. Catabolism of gluconeogenic amino acids, such as tyrosine and serine, yields either pyruvate or an intermediate of the trichloroacetic acid cycle, metabolites that can serve as carbon skeletons for gluconeogenesis. Further evidence linking amino acid catabolism with hypoxia-induced gluconeogenesis is that the expression of glucose-6-phosphatase (G-6-Pase) was strongly induced. G-6-Pase catalyzes the dephosphorylation of glucose-6-phosphate to glucose, which can be transported in the circulation to other tissues to fuel glycolysis. The time course of the induction of G-6-Pase does not appear to be associated with the mobilization of stored glycogen. In a parallel time-course study, liver glycogen levels were essentially depleted within 24 h of hypoxia exposure, falling from 6.87 Ϯ 1.5 to 0.21 Ϯ 0.1 mg͞g (data not shown), yet peak G-6-Pase mRNA levels were not detected until 72 h in the present study. Significantly, expression of the bifunctional enzyme, phosphofructokinase-2͞ fructose bisphosphate-2, which sets the cellular concentration of the allosteric modulator, fructose-2,6-bisphosphate (F-2,6-BP), was up-regulated in both liver and muscle (Fig. 2a) . Changes in F-2,6-BP levels have been linked to hypoxic stress (17) . A possible role for the transcriptional activation of this gene would be to increase the capacity for allosteric regulation of the glycolytic and gluconeogenic pathways during hypoxia. Thus, for G. mirabilis, amino acid catabolism coupled with gluconeogenesis in the liver may represent a mechanism to maintain blood glucose levels during hypoxia and may perhaps contribute to continued brain function. The shuttling of metabolic substrates between tissues for either direct oxidation or gluconeogenesis also appears to have been adopted by frogs subjected to prolonged hypoxia (18) .
We detected the induction of a number of genes involved in the suppression of cell growth and proliferation (Fig. 2e) . For example, elevated levels of mRNA for insulin-like growth factorbinding protein 1 (IGFBP-1), which regulates the availability of insulin-like growth factors in the circulation, were observed in liver. Elevated levels of IGFBP-1 have been reported in fetuses with long-term chronic hypoxia and are correlated with intrauterine growth restriction (19) . A strong induction of the stressinducible mitogen-activated protein (MAP) kinase phosphatase 1 (MKP-1) (20) was also observed in all tissues examined (data not shown for brain). MKP-1 attenuates the activity of the ERK group of MAP kinases, which are phosphorylated in response to the binding of growth factor to cell-surface receptors and activate a signaling cascade that stimulates cell growth (21) . In addition, two structurally related antiproliferation genes, transducer of Erb-B2 (Tob) and B-cell translocation gene-1 (BTG-1), were induced in liver. Elevated levels of Tob were also detected in skeletal muscle at 72 and 144 h. Tob interacts with the oncogene Erb-B2 to suppress growth via inhibition of the cell cycle (22) . We also identified an inducible pseudogene encoding an antisense mRNA for the 5Ј end of retinoblastoma-binding protein 2 (RBP2) (GenBank accession no. AF266234). This antisense transcript was strongly up-regulated in liver and muscle after 48 h and shared a similar expression profile to Tob. The antisense RBP2 cDNA does not appear to be an artifact of cloning, because it was isolated from both a liver and skeletal cDNA library and was shown to bind to an equivalently sized hypoxia-induced RNA transcript by Northern analysis (Fig. 2h) . RBP2 has been shown to bind and inhibit the retinoblastoma (pRB) gene product (23) . pRB is a potent inhibitor of cell proliferation (24) . Although the functional role of the putative antisense-RBP2 is undetermined, we conjecture that it may antagonize translation of RBP2 and the inhibition of pRB activity, thus allowing pRB-mediated repression of proliferation to persist during hypoxia. The expression of all these genes may serve as a complex layered control mechanism to suppress cell growth under hypoxia. IGFBP-1 reduces the level of circulating growth factor, and MKP-1 attenuates the effects of growth factor at the cellular level, whereas Tob and BTG-1 block the cell cycle, thus reducing the energetic demands on the animal from growth and proliferation. The putative adaptive significance of the expression of these genes in response to hypoxia may be to divert important energy resources away from growth toward those metabolic processes essential for survival. Tob, BTG-1, and antisense-RBP2 were not induced until 48 h of hypoxia exposure and thus may represent a longer-term adaptive strategy rather than a first line of defense to a hypoxic challenge.
The expression profile in muscle tissues was dominated by a strong coordinated down-regulation of genes that encode elements of the protein translation machinery, such as the ribosomal proteins and elongation factor 2 (Fig. 2c) . Downregulation of genes associated with translation are characteristic of stressed yeast (12) and cultured mammalian cells with low doubling times (25) , suggesting that the repression of these genes in Gillichthys is related to decreased cell growth during hypoxic stress. A depression in protein synthesis rates in muscle has previously been observed in another fish, the crucian carp, during anoxia exposure (26) . Curtailment of protein synthesis in skeletal muscle may also have freed amino acids for exploitation in gluconeogenic processes (see above). One unexpected finding was that hypoxia resulted in the repression of genes that code for the contractile proteins tropomyosin, myosin heavy and light chains, and actins (Fig. 2b ). Reduced expression of these genes in skeletal muscle may be associated with the decreased locomotory activity Gillichthys exhibited during hypoxia (unpublished results) and in heart with hypoxia-induced bradycardia (27) . Because contractile proteins are so abundant in muscle, the reduced expression of these genes may represent an especially important energy-saving strategy during hypoxia. Creatine kinase mRNA levels in muscle also declined during hypoxia (Fig.  2a) , suggesting that the demand for phosphocreatine falls consistent with decreased muscle contraction and metabolism. Clustering revealed that the down-regulated translation and contractile genes in skeletal muscle shared similar expression profiles (Fig. 1) , and it is tempting to speculate that their expression may be coordinated through a common transduction mechanism. Of the up-regulated muscle genes, a disproportionately large number were unknown, suggesting that these may be involved in an as-yet-uncharacterized aspect of oxygen-related physiology.
Examination of the temporal expression profile revealed that relatively few genes were up-regulated at 8 h of hypoxia, suggesting that the initial stress response is not mediated through gene induction. In contrast, down-regulation of many genes was observed by 8 h, for instance many of the genes for contractile proteins (Fig. 2b ) and protein translation (Fig. 2c) . This pattern suggests a reorganization of metabolism, such that the major energy-requiring processes like protein synthesis are shut down very rapidly after onset of hypoxia, even before increased expression of proteins needed for enhanced anaerobic ATP production takes place. Other studies have also implicated metabolic suppression as a key adaptive strategy in other hypoxia-tolerant organisms such as turtles (28) . In particular, these studies have pointed to the importance of hypoxia-induced reductions in membrane permeability or ''channel arrest'' as a mechanism to reduce the energetic costs of ion-balancing ATPases (29) . However, none of the differentially expressed genes identified in the present study appeared to be linked to this phenomenon.
The effects of hypoxia varied substantially among tissues and reflected the relative importance of the tissues to survival (Fig. 1) . In liver, few genes were down-regulated compared with skeletal muscle, which likely reflects the large number of critical biochemical transformations that must be maintained in liver, regardless of environmental conditions. Reduced locomotion powered by skeletal muscle might pose a minimal threat to survival under extreme hypoxia when swimming activity will be minimized. Cardiac muscle, like liver, showed fewer instances of down-regulation compared with skeletal muscle, in keeping with the need for sustained activity of the heart. The differences in patterns of expression may also be related to the extent of the hypoxic insult that each tissue experiences. For example, the heart receives blood directly from the gills and thus will have a better oxygen supply than other tissues. Notably, very few genes exhibited differential activity in brain. During hypoxic stress, the brain is likely to receive a preferential supply of oxygen and glucose, so alterations in gene expression may be minimal relative to tissues like skeletal muscle that undergo substantial decreases in activity.
In mammals, the transcriptional response to hypoxia is commonly mediated by the activation of the transcription factor HIF-1␣ (2). To date, approximately 36 hypoxia-regulated genes have been reported in mammals (1) , and the majority of these genes appear to be under HIF-1␣ control. HIF-1␣ activity was not measured in the present study, but the observed induction of a number of known HIF-1␣-responsive genes in mammals, such as the glycolytic genes (2), heme oxygenase-1 (30) , and insulinlike growth factor-binding protein 1 (31) , offers indirect evidence for the conservation of a HIF-1␣-mediated transcriptional mechanism in Gillichthys. However, the transcriptional control mechanism of a substantial proportion of the hypoxia-induced genes in Gillichthys remains unknown.
Summary
The utility of cDNA microarray technologies for studies of nonmodel organisms' responses to physiological stress is demonstrated by this study. The power of this approach to identify tissue-specific changes in gene expression and the temporal patterning of these changes is manifested by the finding that wide-scale reorganization of energy-consuming and ATPgenerating pathways occurred in G. mirabilis when exposed to hypoxic stress. Our expression profile suggests the following hypoxia survival mechanism in Gillichthys. First, in skeletal muscle, which accounts for approximately one-half of the mass of the organism, the major energy-requiring processes like protein synthesis and locomotion are shut down very rapidly after onset of hypoxia. Then after 24 h, a strong induction in the liver of genes needed for enhanced anaerobic ATP production and for gluconeogenesis occurs. Concurrently, cell growth and proliferation are suppressed, which may serve to divert important energy resources away from growth toward those metabolic processes more essential for hypoxia survival. This microarraybased study represents an important first step toward understanding the mechanisms of hypoxia survival in fish. Nevertheless, further studies using more conventional biochemical and physiological approaches will be needed to verify the interpretation of the mRNA transcriptional data.
